Abstract
w 3 x examined by Northern blot analysis. CAFB growth was assessed by measuring H thymidine incorporation and DNA content. P2Y receptor pharmacology was studied using various ATP analogues. Results: Northern blot analysis of polyA enriched RNA confirmed that Ž . at least 2 subtypes of P2Y receptors P2Y and P2Y are expressed in cultured CAFB. Extracellular ATP induced the expression of c-fos 1 2 Ž .
2q mRNA through a pathway that was sensitive to inhibitors of protein kinase C PKC , but not to inhibitors of intracellular Ca signaling. w 3 x Extracellular ATP inhibited the NE-stimulated increases in DNA content and in H thymidine incorporation into DNA. Whereas the potency order for stimulation of c-fos expression was ATP s UTP ) ADP ) adenosine, the potency order to inhibit the NE-induced w 3 x increase of H thymidine incorporation into DNA was ATP ) ADP ) UTP ) adenosine. Conclusions: These data demonstrate that CAFB express both P2Y and P2Y receptor mRNA and that CAFB respond to P2Y receptor stimulation by induction of c-fos and
Introduction
The heart is composed of cardiac myocytes and nonmyocytes including fibroblasts, vascular smooth muscle Ž . cells, and endothelial cells. Cardiac fibroblasts CAFB account for about two thirds of the total cell population in the heart and are the primary source of collagen and fibronectin which are major components of the extracelluw x lar matrix 1,2 . The matrix connects cardiac myocytes to one another and maintains myocyte alignment during the ) Corresponding author. cardiac cycle. CAFB influence myocyte growth and function by elaborating matrix and by secreting growth factors w x that act in a paracrine manner 2-4 . It is therefore important to identify and understand factors that influence CAFB gene expression and growth.
ATP is commonly conceptualized as the currency of intracellular energy metabolism. Evidence gathered over the last two decades, however, has established a role for ATP outside the cell as an intercellular messenger as well w x 5,6 . Extracellular ATP exerts its effects by binding to two Ž classes of P2 receptors formerly referred to as P2-. Ž . purinergic , those coupled to G-proteins P2Y and those Time for primary review 36 days.
0008-6363r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved. . w x that are intrinsic ion channels P2X 7,8 . At least seven w x P2X 9 and seven P2Y receptor subtypes have been cloned. In the P2Y family, P2Y is a purine-specific 1 w x receptor first isolated from a chick brain 10 , that has a wide tissue distribution. UTP and ATP are equipotent at w x the P2Y receptor 11 , which is also widely distributed 2 among mammalian tissues. The P2Y , P2Y , and P2Y 3 4 5 receptors each exhibit distinctive agonist potency orders w x and are not widely distributed 7,12-16 . The P2Y recep- 6 tor exhibits an agonist potency order that favors UTP over w x ATP and has a wide tissue distribution 17,18 . The P2Y7 receptor has an agonist potency order favoring ATP and w x ADP over UTP and is widely distributed as well 19 . Thus far, expression of the P2Y P2Y , P2Y , P2Y , and P2Y This study was undertaken to determine whether CAFB possess the necessary requirements to be influenced by extracellular ATP. Initial results indicated that CAFB express at least two P receptor subtypes and that extracellu-2 lar ATP causes a rapid transient induction of c-fos in CAFB. We therefore proceeded to investigate signaling characteristics of the CAFB response to ATP and to determine whether ATP affects fibroblast growth.
Materials and methods
All cells used in this study were derived from Wistar rats obtained from the colony maintained at the Gerontology Research Center. The investigation conforms with the Guide for the Care and Use of Laboratory Animals pub-Ž lished by the U.S. National Institutes of Health NIH . Publication No. 85-23, revised 1985 .
Preparation of neonatal CAFB and neonatal cardiac myocytes
Neonatal CAFB were isolated as previously described w x 26,30,31 with some modifications. Hearts from 1-2 day old Wistar rats were removed, the ventricles were separated, then trisected and digested with collagenase type II Ž . Ž 0.5 mgrml, Worthington and pancreatin 0.6 mgrml, . Sigma for 20 min at 378C. The cell supernatant was collected by centrifugation and the pellet resuspended in 100% horse serum. The above steps were repeated 7-10 times until the hearts were completely digested. The cells were combined, washed and centrifuged through a discontinuous Percoll gradient of 1050, 1062 and 1082 grml, respectively. The band at the 1062r1082 interface was used for isolating total myocyte RNA directly. The band at the top of the 1050 layer was used for CAFB culture. After three passages with trypsin, fibroblasts were resuspended in culture medium containing 4:1 Dulbecco's modified Ž . Ž Eagle's medium DMEM rmedium 199 M199; GIBCO . Laboratory, NY supplemented with 10% horse serum, 5% Ž . fetal bovine serum and penicillin 100 unitrml rstrepto-Ž . mycin 100 mgrml, GIBCO Laboratory at 378C for 24 h in humidified air with sufficient CO to maintain the pH at 2 7.3. The medium was then changed to serum-free DMEMrM199 medium. All experiments were initiated 24 h after the change to serum-free culture medium.
Adult myocyte preparation
Adult rat cardiac myocytes were isolated using the procedure described previously by Janczewski and Lakatta w x 32 . Briefly, rats were anesthetized with pentobarbitone Ž . sodium 50 mgrkg , the heart was removed and perfused retrogradely with a nominally Ca RNA prepared from CAFB, neonatal myocytes and adult myocytes was separated by formaldehyder1.0% agarose gel electrophoresis and transferred to a nylon membrane. Membranes containing polyAq enriched RNA were hybridized with the P2Y and P2Y cDNA probes at 428C in 1 2 50% formamide, %X Denhardt's solution, 5 = SSPE and w x 0.1% SDS overnight 34 . Membranes were washed with 2 = SSC and 0.1% SDS once at 228C for 30 min and twice at 508C for 30 min each. Membranes containing total RNA were hybridized at 63.58C with P2Y and P2Y cDNA 1 2 probes overnight and washed at the hybridization temperaw x ture as described 35 .
Probes
A 531 bp fragment of the rat P2Y receptor encoding 1 w x cDNA 36 was generated by RT-PCR from rat brain RNA using 27-mer oligonucleotide primers of the following sequence: sense primer 5
X . Similarly, a 514 bp w x fragment of cDNA encoding the rat P2Y receptor 37 2 was amplified using oligonucleotide primers of the following sequence: sense primer 5
X . Amplification products Ž . were subcloned into the pCRII vector In Vitrogen and verified by complete sequencing of the inserts.
The probe used to detect c-fos mRNA, which was generously provided by Michael T. Crow, was an approximately 500 bp 32 P-ATP labelled cDNA synthesized by the Ž . w x vector pCRcfos 500 by in vitro RNA transcription 38 .
Ž . pCRcfos 500 Encodes approximately 500 bp of the conserved coding region of the rat c-fos cDNA and was generated by a polymerase chain reaction using primers w x complementary to the published sequence 39 and cloned into the vector pCRII according to the manufacture's Ž . instructions In Vitrogen Corp, San Diego, CA . The complete sequence of the cDNA insert derived by PCR was verified by the dideoxy-mediated chain-termination method w x 40 . The probe for 18S RNA was a synthetic end-labeled w x oligonucleotide as previously described 41 .
Measurement of intracellular Ca 2 q concentration
Neonatal CAFB were cultured on coverslips coated with gelatin. Before loading with indo-1 AM, the incubation solution was changed from DMEMrM199 to an [ 3 ] 2.6. H -Thymidine incorporation into DNA and measurement of DNA content w 3 x Total DNA content and H -thymidine incorporation into DNA were assayed as parameters of cell growth and proliferation. CAFB were grown to 50% confluence in 6-well plates in the plating medium. 24 H before experiments, cells were provided with serum-free maintenance medium. Serum-starved CAFB were then supplemented w 3 x Ž . with 1 mCi H thymidine in the absence control or in the presence of ATP, NE, or serum for 24 h. At the end of the labeling periods, radiolabeled medium was aspirated, Ž . Ž . Ž . Fig. 1 . Northern blot analysis of poly A q RNA isolated from CAFB and myocytes with the P2Y A,C and P2Y B,D cDNAs as probes. A and B: 1 2 Ž . Ž . Poly A q RNA 5 mg each lane from cultured CAFB, freshly isolated adult cardiac myocytes and from freshly isolated Percoll purified neonatal cardiac myocytes was separated by gel electrophoresis. Transfer to nylon membranes and hybridization were performed as described for each in Materials and Ž . Methods followed by autoradiography. Autoradiography was carried out by standard procedures to obtain images. C and D: Total RNA 20 mgrlane from various rat tissues was size fractionated by gel electrophoresis. Hybridization conditions differed from that used for panels A and B, as described in Materials and Methods. After hybridization with the P2Y or P2Y probe, each membrane was stripped and hybridized serially with probes for the 1 2 Ž . housekeeping gene glyceraldehyde 3-phosphate dehydrogenase GAPDH and 18S ribosomal RNA. Quantitative measurements in signal for all four panels and images shown in panels C and D were made using a Betascope 603.
Downloaded from https://academic.oup.com/cardiovascres/article-abstract/37/3/718/320768 by guest on 13 November 2018 ( )and washed two times each with ice-cold PBS and 10% TCA. Cells were incubated with 10% TCA on ice for at least 1 h. Cell precipitates were then solubilized in 0.5% NaOHr1% SDS for 1 h. Radioactivity was determined by liquid scintillation counting. DNA content was measured fluorometically using PicoGreen dsDNA Quantitation Ž . Reagent Molecular Probes, Inc. by a procedure described w x by Rye et al. 43 , with calf thymus DNA as a standard. 
Statistics
Data were expressed as mean " SE. For mRNA experiments, the control group was arbitrarily assigned a value of '1' and deviation of experimental groups from control w x tested with the t-statistic 44 . P values for multiple w x comparisons were corrected by the Bonferoni method 44 .
w 3 x For DNA content and H -thymidine incorporation experiments two-way ANOVA was employed. Post-hoc comparisons between groups were made with Tukey's procedure. A value of p -0.05 was considered to be significant.
Results

Expression of P2Y receptors in neonatal rat CAFB and cardiac myocytes
To determine whether CAFB and myocytes express P 2 receptors, Northern blot analysis was performed using P2Y and P2Y cDNAs to probe membranes containing 1 2 Ž . poly A q enriched RNA isolated from cultured rat CAFB Ž . passage 3 , and neonatal and adult rat cardiac myocytes, both of which were not cultured, but frozen immediately after isolation for subsequent RNA extraction. The blots exhibited hybridization of both P2Y and P2Y receptor 1 2 Ž . probes with each of the 3 cell types studied Fig. 1 . The two bands detected with the P2Y1 probe are most likely due to the presence of two forms of the rat P2Y receptor with differing 3
X -untranslated region extension, as has been w x reported previously for the human receptor 45 . When normalized to the levels of GAPDH mRNA, the relative levels of P2Y were 1.00, 1.58, 1.05 and relative levels of 1D . This pattern is consistent with previously published w x tissue specificities for these subtypes 11,36 .
Extracellular ATP stimulates expression of c-fos mRNA in CAFB
The presence of P receptor mRNA in CAFB suggested 2 that functional receptors might be present. We therefore sought to determine whether extracellular ATP would induce c-fos gene expression in CAFB. Addition of 100 mM ATP to the cultured CAFB for 30 min increased expres-Ž sion of the immediate early gene, c-fos 8-fold P -0.05;
. Ž . Fig. 2 , while 2 mM NE increased c-fos 2-fold NS . In response to 100 mM ATP, levels of c-fos mRNA in-Ž . creased by 15 min, peaked at 30 min 8 fold , and de-Ž . creased to baseline by 1 h Fig. 3 . ATP increased c-fos gene expression in a dose-dependent manner, with the maximal effect observed at 100 mM. 50% of the maximal Ž . effect was observed at approximately 25 mM ATP Fig. 4 . 
The ATP-stimulated induction of c-fos is mediated by actiÕation of P receptors 2
To determine whether the effect of ATP on c-fos gene expression was mediated by P or P receptors in CAFB, 1 2 we used a battery of adenosine nucleotide analogues to differentiate P and P receptors. The potency order to in CAFB, although the small response to CTP suggests the involvement of other P receptor subtypes as well. 
Intracellular signalling mechanisms of the ATP-mediated induction of c-fos mRNA
We next investigated whether or not several candidate second messengers are generated after activation of P 2 receptors by ATP using c-fos induction as an endpoint. Whereas NE did not increase intracellular calcium concenŽw 2q x . tration Ca , addition of ATP increased the intra- To determine whether a PKC-dependent pathway was involved in the ATP-induced c-fos response, down-regulation of PKC by overnight pretreatment with TPA or pretreatment with a general kinase inhibitor, staurosporin, for 30 min prior to addition ATP were employed. Each inhibited the ATP-induced increase in expression of c-fos Ž . mRNA Fig. 8 . While the magnitude of the reduction was approximately 50% in each case, the effect of stau-Ž . rosporine was statistically significant p s 0.042 while Ž . that of TPA was marginal p s 0.058 . Taken together, these data suggest that activation of PKC may play a role in the ATP-induced increase in expression c-fos mRNA. 
Inhibition of DNA synthesis by extracellular ATP
Having observed evidence for functional P receptors 2 on cultured CAFB, we proceeded to determine whether P 2 receptor stimulation would impact a physiologically relevant process in CAFB. To this end we used total DNA w 3 x content and H -thymidine incorporation into DNA as indices of cell proliferation in CAFB. Extracellular ATP inhibited the NE stimulated increase in DNA content in Ž . CAFB cultures Fig. 9A and also inhibited the increase in Fig. 9B . 2-Way ANOVA yielded an independent effect of ATP on DNA content and incorporation of labeled thymidine, while in the case of label incorporation there was also a significant interactive effect of ATP with NE. Together, these indices provide evidence that extracellular ATP exerts inhibitory effects on both basal and NE stimulated CAFB proliferation.
To determine whether the continued presence of ATP is w 3 x required to achieve a maximum inhibitory effect on Hthymidine incorporation into DNA, cultures were first pretreated with ATP for 1 h, and then the medium containing ATP was removed and replaced with fresh serum-free w 3 x medium containing only NE. H -thymidine incorporation Fig. 9 . Effects of ATP on the NE-stimulated increase in DNA content and w 3 x NE-induced increase of H -thymidine incorporation into DNA in CAFB.
. A DNA content was determined as described in Methods. Data were Ž . expressed as mean"S.E ns9 . 2-way ANOVA yielded significant Ž . Ž . independent effects of both NE ps 0.028 and ATP ps 0.001 , but there was no significant interactive effect. ) , p-0.05 vs. control; a, Ž . . p-0.05 vs. NE Tukey's procedure . B Serum-starved CAFB cultures Ž . Ž . w 3 x were incubated with ATP 100 mM andror NE 2 mM and H -Ž . thymidine 0.1 mcirml for 24 h. Cells were washed with PBS, and incubated with 0.5% SDS at 378C for 10 min. After the supernatant was transferred to a 15 ml tube, 20% TCA was added to the cells. Cell lysates were saved and filtered through GFC Whatman 2.4 cm filter. After washing with 10% TCA, 5% TCA, and 95% ethanol, the filter was w 3 x air-dried. H -thymidine incorporation was determined using a beta Ž counter. Data were expressed relative to control arbitrarily assigned a . Ž . value of 1.0 as mean"S.E ns 24-26 . Mean value of control was 29 523 cpmrdish. 2-way ANOVA yielded significant main effects for Ž . Ž . both NE ps 0.007 and ATP p-0.001 , as well as a significant Ž . ) interaction between NE and ATP ps 0.005 . , p-0.05 vs. control; a, Ž . p-0.05 vs. NE Tukey's procedure . was measured over the next 24 h. Under these conditions, the extent of ATP inhibition was similar to that when ATP was present throughout the entire 24 h period of NE Ž . treatment Fig. 10 . To determine whether the inhibitory effect of ATP was mediated by activation of the same P 2 receptor subtype as that responsible for the c-fos response, a battery of ATP analogues was employed. The potency order for inhibition of the NE-stimulated increase in incorw 3 x poration of H -thymidine into DNA was as follows: ATP s ADPbS ) ATPgS ) ADP ) UTP, while adenosine and a ,b-meATP did not inhibit the NE-induced increase in 3 H-thymidine incorporation into DNA. These data indicate that at least 2 pharmacologically distinct P receptor 2 subtypes are present in cultured neonatal rat CAFB and show that the P receptor subtype responsible for the 2 w 3 x observed inhibitory effect of ATP on H -thymidine incorporation into DNA is distinct from the subtype that stimulates expression of c-fos mRNA in CAFB.
Discussion
In the present study, we demonstrate that cultured neonatal rat CAFB express mRNA for both P2Y and P2Y 1 2 receptors. Extracellular ATP and other P receptor agonists A number of studies have shown that mitogenic agents such as NE, angiotensin II, and endothelin induce expression of c-fos mRNA, increase production of collagen, increase DNA synthesis and stimulate proliferation in w x CAFB 4,46-49 . In the present study, in contrast to the w 3 x effect of NE, ATP did not increase incorporation of H -Ž . thymidine into DNA in CAFB Fig. 9 . Furthermore, extracellular ATP inhibited the NE-induced increase in w 3 x H -thymidine incorporation into DNA and the NE stimulated increase in DNA content. These data demonstrate a dissociation between increased expression of c-fos mRNA and cell proliferation in CAFB. These data are consistent with our previous studies in neonatal cardiac myocytes w x 26,30 in which we demonstrated that extracellular ATP increased expression of c-fos, but inhibited the NE-induced cardiac hypertrophy. Thus, in contrast to the mitow x genic effect of ATP on 3T3 cells 50 , ATP inhibits w x mitogens in both myocytes 26,30 and fibroblasts of cardiac origin. The reason for the different responses to extracellular ATP among cell types is not clear, but possible explanations include the potential presence of different P receptor subtypes, and cell-type specific differences in 2 post-receptor signal transduction. The development of more discriminating pharmacologic agents for P receptor sub-2 types would greatly aid the resolution of these questions.
One explanation for the dissociation of c-fos activation from proliferation by ATP is that ATP may fail to stimulate a sustained elevation in AP-1 complex formation. The effects of c-fos are realized through the formation of AP-1 complexes consisting of either Fos-Jun heterodimers or Jun-Jun homodimers. Transient activation of c-jun is insufficient to mediate AP-1 dependent gene transcription, while sustained elevation of c-jun leads to enhanced AP-1 depenw x dent transcriptional activity 51 . Thus, it is possible that CAFB proliferation requires sustained elevation of AP-1 binding activity and may be dependent on sustained elevations in both Fos and Jun proteins. On the other hand, even sustained AP-1 activity may not be sufficient for CAFB proliferation. Given the multitude, complexity, and redundancy of signal transduction pathways, it seems possible Ž . even likely that one or more additional inputs are required to initiate and sustain the processes required for cell proliferation. For example, signaling through the rapamycin sensitive 4E binding protein and p70 S6 kinase pathways may be a separate requirement for the protein w x synthesis necessary for sustained CAFB proliferation 52 .
The present study shows that CAFB express both P2Y1 Ž . and P2Y2 receptors Fig. 1 , and we have provided evidence elsewhere that P2Y4 and P2Y6 receptors are exw x pressed in CAFB as well 20 . Thus, CAFB express multiple P receptor mRNA, but more importantly, they exhibit While the physiological effects and relevance of extracellular ATP in vivo are not well established, it seems likely that extracellular ATP in the heart may emanate from a variety of sources. Platelet degranulation, and cell lysis may contribute to local accumulation of extracellular w x ATP 22,23 . ATP is released into the perfusate of the w x working rat heart in response to hypoxia 53 and can also w x be released from hypoxic cardiomyocytes 21 . The primary physiological source of ATP, however, is secretion from sympathic nerve terminals where it is co-stored and w x co-released with norepinephrine by nerve stimulation 5,6 . These cotransmitters may interact with each other to exert their ultimate physiological effects. In adult rat cardiac myocytes, for example, NE does not increase intracellular Ca 2q concentration, but greatly potentiates the ATP-in- is capable of modifying the effects of NE on CAFB proliferation. Since CAFB not only play an important role in maintaining and remodeling matrix, but also influence w x myocyte growth and function 54 , it seems likely then that extracellular ATP has considerable relevance to heart structure and function, particularly in diseased states that are characterized by ventricular remodeling. 
